X-ray irradiation of zinc acetate single crystals at 77°K with subsequent examination at 133°K reveals initially an intense EPR signal due to methyl radicals. Decay of the methyl radicals is accompanied by a corresponding increase in another species shown to be the· CH2C(h-radical. The proposed mechanism is a simple abstraction of a hydrogen atom by the methyl radical from a neighboring acetate ion. In support ohhis mechanism, observation of the reaction using Zn (CH2DC02h' 2H20 indicates an isotope effect. The • CH2C02-radicals are produced in two magnetically distinct sites. Spectra taken over a range of temperatures reveal both the slow and rapid exchange of the hydrogen atoms. The barrier to internal rotation is 5.0± 1.0 kcal/mole, with less than two entropy units of activation. Parameters characterizing the· CH 2 C0 1 -radical are determined with a 12-parameter least-squares calculation utilizing spectra taken at 55 different crystal orientations. The radical is planar with an HCH bond angle of 116.9°. The coupling constants are compared with other radicals using molecular-orbital calculations.
I. INTRODUCTION
Previous EPR studies of radiation damage in single crystals have included several reports of • CH2C02-or • CH 2 C0 2 H radicals. The • CH 2 C0 2 -radical in irradiated glycine crystals was first examined in detail by Morton l who reported the hyperfine interaction tensors of the radical at room temperature. The two protons appeared equivalent at this temperature because of rapid rotation of the CH 2 group about the C-C bond. A further study of this radical in glycine was made by Box et aJ. 2 Glycine crystals were irradiated at 77°K, warmed to 165°K, then observed at 4°K. The· CH 2 C02-radical was consequently observed with no notation about the C-C bond. A complete determination of the hyperfine coupling tensors was not attempted. As-. suming a planar radical and the coupling constants reported by McConnel13 for HC(COOH)2 in malonic acid, the observed hyperfine patterns were in good agreement with predicted patterns.
The detailed results of investigating the • CH 2 C02H radical in -y-irradiated malonic acid were reported by Horsfield. 4 Two possible inequivalent sites exist for the radical in this crystal since there are two inequivalent C0 2 H groups on the parent molecule. Approximately 80% of the radicals are in a configuration in which the CH 2 plane is perpendicular to the C0 2 H plane. This radical has also been reported in solution 5 as a result of hydrogen-atom abstraction with hydroxyl radicals.
The present study indicates that the zinc acetate * Supported by the Office of Naval Research. dihydrate crystal is an ideal host for the • CH 2 C0 2 -radical. The mechanism for formation of the radical is observed to be a chemical reaction that can be followed by EPR. Observation of the reaction product in a deuterated crystal reveals an isotope effect. A study of the species at temperatures spanning the slow and fast exchange limits allows a determination of the barrier to internal rotation and hence the energy difference between the planar and perpendicular forms.
II. EXPERIMENTAL
Single crystals of zinc acetate dihydrate were grown by slow evaporation from aqueous solution. The unit cell of the zinc acetate dihydrate crystal is monoclinic, space group C2/c; ~= 100.0°; dimensions a= 14.50, b= 5.32, c= 11.02.6 There are four molecules per unit cell, but since the paramagnetic fragments formed from them usually obey the symmetry operations of the crystal, only two magnetically inequivalent sites are expected. Not all crystals were well formed. Crystals used for the experiment were recognized as having well-defined faces according to the illustration in Fig. 1 . The axes were identified by measurement of the angles between the (100) and (001) planes and verified by analysis of x-ray diffraction patterns. More than 20 single crystals were examined in the course of the investigation with repeatable results.
Single crystals were exposed to x-ray irradiation using a molybdenum target at 50 kV and 20 mA from 2-4 h. To study the formation of • CRa and· CH 2 C0 2 -, crystals were irradiated at 77°K and observed at higher temperatures in order to notice changes in the spectra. The crystals used in the determination of the hyperfine coupling tensors were irradiated at 298°K and spectra were taken at 298° and 133°K. By examining these same crystals at intermediate temperatures, information was provided for calculation of the barrier to internal rotation. The irradiated crystal was mounted on a flat section of a fused-silica rod which could be rotated about an axis perpendicular to the magnetic field. The flat section was ground parallel to the axis of the rod. The crystal was mounted on its (100) face with the b axis in a known orientation with respect to the rod axis, as determined under a microscope. Uncertainty in the alignment of the crystal was less than 2°. The direction cosines used were for a right-handed a*bc system.
The EPR spectra were obtained with a Varian V-4502-06 X-band EPR spectrometer system utilizing 100-kc/sec modulation and field-dial regulation.
The Zn(CH2DC02)2·2H20 was prepared by the following method: Three grams of LiAlD4 were placed in a flask with 50 ml triglyme (purified by distillation under vacuum after adding LiAlIL.) to which 12.5 g of ethylene oxide in 50 ml of triglyme was added dropwise. Then 58 ml of 3M H 2 S04 was added and CH2DCH 2 0H was obtained by distillation (96% yield). The deuterated alcohol was added slowly to 40.7 ml H 2 S04, 56.2 g K 2 Cr 2 07, and 212 ml H 2 0 in a flask immersed in an ice bath. The reaction mixture was then refluxed for 5--10 min. Yields of 65%-75% CH2DC02H in H20 were obtained by subsequent distillation. The ZnO was added directly to the solution to form the Zn (CH 2 DC0 2 ) 2' 2H 2 0.
III. RESULTS AND DISCUSSION
A. Formation of ·CRa and .CR 2 C0 2 -Irradiation of either a polycrystalline sample or single crystals of zinc acetate dihydrate at 77°K with subsequent EPR examination at this temperature reveals an intense 1:3:3:1 quartet with an isotropic hyperfine coupling constant of 62 Me/sec. This is readily interpreted to be due to the methyl radical, also observed under similar conditions by Rogers and Kispert1 in irradiated sodium acetate trihydrate. Examination at 1200-140oK reveals the decay of the methyl radical and the simultaneous growth of a second species which is shown in a subsequent section of this paper to be • CH 2 C0 2 -. The disappearance of the methyl radical is first order. An Arrhenius plot gives a value of 5.3± 1.0 kcal/mole for the energy of activation.
The simultaneous growth and decay of two species suggests that both may be involved in the same chemical reaction. In order to determine the relative amounts of • CHa and of • CH 2 C0 2 -present before and after the reaction, the spectra were observed at very low power levels in order to minimize the effect of inequivalent power saturation of the two species. The doubly integrated spectrum indicates that for every • CHs radical that disappears, 1.0±0.2 • CH 2 C0 2 -radical appears. This strongly suggests the following mechanism for the formation of the second paramagnetic species:
Additional confirmation of this mechanism is obtained by irradiating and observing the deuterated species Zn(CH 2 DC0 2 k2H20. The following reactions are expected to occur:
where kl and k2 are the rate constants. If the activation barrier is for the migration of a methyl radical through the crystal until it is in position to react with an acetate ion, the abstraction should be statistical and the isotope effect, k1/2k2, should be unity. The factor of 2 is intro- 2H20 with field along a* axis. Asymmetry in spectrum is due to a small amount of an unidentified paramagnetic species. (c) Predicted spectrum for deuterated species assuming a 2: 1 ratio of CHDC0 2 -to CH 2 C02-. duced because of the statistical presence of two hydrogen atoms to one deuterium.
Although the lithium deuteride used was 99% pure, the EPR spectrum of a deuterated single crystal irradiated and observed at 113°K indicated only 79%±4% deuteration by comparison of the • C~: • CH 2 D integrated intensities. The spectrum taken after the reaction is shown in Fig. 2 for one selected orientation and may be compared with the undeuterated spectrum. The ratio of • CHDC0 2 -: CH 2 C0 2 -was determined to be 2.0±O.2 by comparison of predicted spectral envelopes with the observed spectrum. The resultant isotope effect is determined to be 3.0±1.0.
A significant isotope effect is further evidence for the proposed reaction and indicates that the 5.3-kcal/mole energy of activation for the reaction is for the abstraction of a hydrogen atom by a methyl radical.
B. Barrier to Internal Rotation
The spectrum taken at three different temperatures is displayed in Fig. 3 . Analysis of the shape of the center line using the relationship derived by Gutowsky8 for proton exchange yields the rate of rotation of the CH 2 group about the C-C bond at a given temperature. Using the notation of Gutowsky, the equation simplifies with the introduction of the following definitions, applicable in this case:
Iix=5wT2,
R=TIT2. The equation may then be developed to show that the over-all shape of the resonancef(x) is a function of the two parameters lix and R,
It is a simple matter to determine numerically the amplitude of the derivative spectrum at a given value of R relative to the amplitude of the derivative when R=O (fast exchange limit) or R= 00 (slow exchange limit). In this manner the exchange rate liT is obtained from an experimental measure of the amplitude of the derivative spectrum at some temperature relative to the amplitude at either the slow or rapid exchange limit. The two outer lines which do not coalesce due to exchange provide a convenient reference to eliminate errors due to population differences at various temperatures. The values of -logl(J~ determined in this manner for two different orientations of the crystal are presented in Fig. 4 . The energy of activation obtained is S.O±1.0 kcal/mole and the entropy of activation obtained by using absolute reaction rate theory is less than 2 eu. This small entropy of activation is consistent with the picture of a perpendicular configuration for the activated complex. The number of symmetry operations on the planar and perpendicular configurations are equal and indicate that 0 eu for activation is quite reasonable.
C. Analysis of Hyperfine Pattern
The disappearance of methyl radicals in an irradiated crystal is accompanied by the appearance of a second species that displays two inequivalent protons, subsequently shown to be the . CH 2 C0 2 -radical. The • CH2C02-spectra exhibit the usual equivalence of the TOLLES, CRAWFORD, AND VALENTI two magnetically distinct sites when the field is along or perpendicular to the b axis. Typical spectra are illustrated in Fig. 5 along with predicted spectra using the values derived from the analysis presented below. Additional weak spectral lines are present which are not due to the • CH2C02-radical. These weak lines are superimposed on the methyl radical spectrum in a freshly irradiated single crystal at 11O°K. The intensity of these absorptions do not change with the accompanying abstraction of hydrogen atoms from acetate ions, and are thus attributed to another yet unidentified species.
Still another species is observed in freshly irradiated crystals at room temperature. This species appears as a broad singlet at g= 2.00 and disappears at room temperature in about one day. This species may be the same as that giving rise to the broad singlet in irradiated sodium acetate. 9 Analysis of the· CH 2 C0 2 -spectrum was complicated by the presence of the two magnetically inequivalent sites. Spectra taken with the field along an arbitrary direction revealed considerable overlap of spectral lines. In order to make optimum use of those orientations which revealed more than one resolved transition, differences between spectral transitions were taken only when an unambiguous assignment could be made. The crystal was rotated by 15-deg increments about orthogonal axes to cover all possible unique orientations. Approximately one-third of these orientations displayed considerable overlap and no accurate coupling constants could be extracted from these spectra.
An initial assignment of the . CH 2 C0 2 -spectral lines was made using the spin Hamiltonian
The planar configuration of the radical was initially 9 D. G. Cadena, Jr., V. Mendez, and J. R. Rowlands, Mol.
Phys. 13, 157 (1967).
assumed, along with the CO2 orientation found in the undamaged crystal. The solution to this Hamiltonian for this radical is given by Box et al. 2 and was used in this analysis. A computer program was written which would perform a least-squares calculation on all of the data taken. The number of parameters determined by the least-squares method was progressively increased and the behavior of the parameters, the uncertainty in parameter values, and the magnitude of the diagonalized matrix of covariances 1o were closely examined to determine the effectiveness of the method with a large number of parameters. For each hydrogen atom the principal axes of the hyperfine coupling tensors perpendicular to the CH2 plane were assumed to be coincident. This approximation implies that the radical has two planes of symmetry. It was also assumed that the orientation of the principal axes of the g tensor were along the symmetry axes of the radical assumed in the previous approximation. The orientation of the CH2 group was thus a function of four parameters, chosen in this case to be: (1) angle of rotation about the C-C bond axis; (2) the HCH bond angle; (3) the degree of rotation about an axis perpendicular to the C-C bond and in the CH 2 plane; and (4) the degree of rotation about an axis perpendicular to the CH 2 plane. The A tensors were initially varied assuming the same coupling tensors for each hydrogen atom. In subsequent calculations the principal values were determined as independent parameters. The procedure converged for all practical purposes after three iterations. With the 10 above-mentioned parameters, the spread in the magnitude of the eigenvalues of the matrix of covariances was two orders of magnitude, illustrating the linear independence of the parameters extracted.
Inclusion of the three principal g values was not possible without reference to a signal of known g value. However, if one principal value is assumed, the other two values can be uniquely determined in the leastsquares procedure. The least-squares determination of 12 parameters gave a spread in the eigenvalues of 10 orders of magnitude. This reflects the fact that the spectra are quite sensitive to small changes in the principal values of the g tensor. The parameters determined are not invalid due to rounding errors because double precision was used in all of the mathematical operations. Furthermore, by including the g values from the 12-parameter calculation in a least-squares program utilizing only 10 parameters with the g values excluded, the parameters were found to be essentially unchanged.
The final choice of parameters obtained by using this method is presented in Table I . These parameters were the result of including 166 differences between spectral transitions taken at 55 orientations of the crystal. The standard deviation was 0.95 Me/sec, and is comparable to that expected for a 2° error in orientation of the crystal. The limits of error quoted represent the 68% confidence level. If (.:la) represents the matrix of uncertainties in the parameters, D represents the matrix of derivatives, and C1 represents the standard deviation, the uncertainties quoted are the square roots of the corresponding diagonal elements of (.:la)2=u2(DD)-1.
The HCH bond angle of 116.9°±0.3° is in good agreement with the observations of Box et al} and compares favorably with the 116°±5° found for the nonplanar configuration of • CH 2 C0 2 H.4 The barrier to internal rotation gives a measure of the energy difference between the two conformations and represents a measure of the difference in nonbonding interactions of neighbors for the two crystals.
In the undamaged crystal the acetate ion is slightly distorted due to nonbonding interactions. If the C-C bond and the 0-0 direction are assumed unchanged from their positions in the undamaged site, the CH 2 group is oriented with the HCH bisector off axis with respect to the C-C bond by 5°±OAo along the in-plane direction, and 10 0 ±0.3° along a direction perpendicular to the molecular plane. The angle of twist between the CH 2 plane and the CO 2 plane (measure of planarity) is 5.2°±OAo.
,D. Comparison of Results with Molecular-Orbital Calculations
The values of the A tensor give a measure of the spin density on the carbon atom, a value which may be compared with other radicals and with molecularorbital calculations. The CNDO/2 method of Pople et al. ll was used to compare the molecular parameters obtained from experiment. The bond angles and distances assumed in this calculation are those tabulated by Pople. 12 The calculated energy of the planar form of the radical is 11.8 kcal/mole lower than the perpendicular conformation, which may be compared with the 5.0-kcal barrier observed in this experiment. Of course, nonbonding interactions can influence this value considerably.
The spin density on the CH2 carbon atom for the planar conformation is calculated to be 0.69. Because the coupling constants appear to be in good agreement with those measured by McConnell,3 a molecular-orbital calculation was performed on the HC(COOHh radical using a geometry consistent with that of the undamaged molecule in the crystal. The spin density on the C-H carbon atom was calculated to be 0.66. These numbers indicate that delocalization is significant though not extensive in these small pi-electron radicals.
IV. CONCLUSIONS
X-ray irradiation of single crystals of zinc acetate dihydrate reveal initial formation of methyl radicals. The mechanism for decay of the methyl radicals is postulated to be an abstraction of a hydrogen atom from a neighboring acetate ion. This mechanism is supported by: (1) identification of the· CH2C02-ion as a product; (2) the stoichiometry, indicating a 1: 1 gain in· CH 2 C0 2 -for a corresponding loss in methyl radicals; and (3) an isotope effect which favors the usual abstraction of hydrogen atoms over deuterium atoms. Restricted rotation is observed about the C-C bond for the . CH 2 C0 2 -radical. By varying the temperature and hence the rate of hydrogen-atom exchange, the barrier to internal rotation is determined to be 5.0±1.0 kcal/mole. The assignment of the hyperfine and g tensors are consistent with a planar • CH 2 C0 2 -ion having an HCH bond angle of 116.9°±0.3°. Molecularorbital calculations are in agreement with the observed planar conformation of this radical, and indicate that delocalization is significant but not extensive. Note added in proof: H. Ohigashi and Y. Kurita 13 have recently reported results of a study with irradiated zinc acetate dihydrate. Where duplication exists, the results of these two investigations are substantially in agreement.
